Wall sculpturing in the vessel elements of some Juglans species of the United States, four black walnuts (J. major, J. nigra, J. microcarpa (= J. rupestris), and J. californica) and one butternut (J. cinerea), was investigated through light and scanning electron microscopy. This feature showed various forms such as helical and reticulate thickenings, and thickening-like structures formed by coalescent pit apertures and large vessel to ray pits. Light to prominent wall sculpturing occurred regularly in black walnuts but fine and indistinctive wall sculpturing was observed rarely in butternut. Thus, vessel wall sculpturing was of some diagnostic value for separating black walnut from butternut.
INTRODUCTION
Reticulate thickenings, a special nonhelical wall sculpturing formed by a network of thickenings, have been reported in the vessel elements of some Juglans species but were originally believed to be gash-like or reticulate vessel pits (Carpenter & Leney 1952; Stark 1953; Brazier & Franklin 1961) . Miller (1976a) reported that Kukachka noticed the presence of very large or gash-like pits in some vessels of J. nigra and confirmed that this character could be used for separating J. nigra from J. regia because this feature was lacking in the latter. Also, Stark (1953) reported these gash-like intervessel pits in J. nigra, J. major, and J. microcarpa.
By SEM observation, these large gash-like structures observed by light microscopy were later found to be thickenings, definitely not vessel pits, and were called reticulate thickenings due to their net-like structure (Miller 1976a) . Miller (1976b) identified these reticulate thickenings on the inner wall of some smaller latewood vessel elements of the north temperate black walnuts (J. californica, J. major, J. microcarpa, and J. nigra) but not in tropical black walnuts (J. australis, J. boliviana, J. jamaicensis, J. neotropica, J. olanchana, and J. venesuelensii) , English walnut (J. regia), and butternuts (J. ailantifolia, J. cathayensis, J. cinerea, and J. mandshurica) . Panshin and DeZeeuw (1980) stated that these structures could furnish a definite separation between black walnut (J. nigra) and butternut (J. cinerea).
This study was carried out to provide additional information on the wall sculpturing including reticulate thickenings in the vessel elements of Juglans species of the United States through light and scanning electron microscopy. Eom & Butterfield 1997) . For photography, a Spot-RT digital camera was used with a Nikon Optiphot light microscope. For scanning electron microscopy, clean-cut and split surfaces were made in the radial surface of the above-softened small cubes. The specimens were oven-dried at 100°C, glued to specimen stubs with conductive carbon paint, sputter-coated with gold-palladium to a thickness of 15 nm, using a Denton Desk II Cold Sputter Unit (Exley et al. 1974 (Exley et al. , 1977 Eom & Butterfield 1997) , and photographed in a JSM-5800LV Scanning Microscope, JEOL, at 15 to 20 kV.
RESULTS AND DISCUSSION
Wall sculpturing is found to be frequent in Juglans major, J. nigra, and J. microcarpa (= J. rupestris) and infrequent in J. californica under both light and scanning electron microscopy, but is observed only rarely in J. cinerea with scanning electron microscopy ( Table 2 ).
The wall sculpturing occurs more commonly in the radial walls of smaller vessel elements than in tangential walls of larger ones ( Fig. 11-28 ). When viewed by light microscopy, wall sculpturing in the vessel elements looks like branched helical thickenings ( Fig. 1 & 7-10 ), reticulate perforations of perforated ray cells (Fig. 4 & 5) , large gash-like vessel to ray pits (Fig. 6 ), or reticulate thickenings ( Fig. 2 & 3) .
Under scanning electron microscopy, however, the sculpturing appears to consist of branched or unbranched helical thickenings (Fig. 11, 12, 15, 20, 21 & 24) , reticulate or net-like thickenings ( Fig. 16 & 17) , and thickening-like structures caused by coalescent pit apertures (Fig. 13, 14 & 21) and large vessel to ray pits ( Fig. 18 & 19) . Although the wall sculpturing usually winds both in the Z-direction (Fig. 2, 9 , 10, 15, 20, 21 & 24) and S-direction (Fig. 1, 3 , 7, 8, 12 & 17) , when viewed from the outside of the cell, the orientation is occasionally nearly flat (Fig. 11) or obscured near perforation plates where changes in the helical winding angle may occur and complicated swirling patterns may result (Fig. 25 ). This sculpturing is separated into two types based on its prominence, i.e. light thickenings sometimes merging with the vessel element wall 16 & 18) and prominent thickenings standing out from or merging with the vessel element wall (Fig. 11, 15, 17 & 19-25) . The light wall sculpturing is not easily detectable when covered with tyloses in the same vessel elements (Fig. 16) . The phenomenon that narrower lumened cells have steeper pitched thickenings than wider lumened cells, appears to be the exception rather than the rule (Fig. 11 & 21) .
The wall sculpturing is subtended by ray and axial parenchyma cells (Fig. 16, 19 , 21-23 & 25) as observed by Miller (1976a) and appears attached to the underlying vessel element wall (Fig. 15, 19 & 21) . The sculpturing is variable in width (Fig. 22, 27 & 28) , and apparently crosses pit apertures (Fig. 21, 22 , 24, 25 & 27) and has pits running parallel to its ridges (Fig. 21 & 24-26 ). Some wall sculpturing seems to be caused by depressions analogous to pits or multiple perforation plates, not by more deposition of cell wall material like helical thickenings, and the vessel element wall is by far thicker than its original thickness (Fig. 6, 13 , 14, 18, 19 & 25) . Some wall sculpturing partly attached to the underlying vessel element wall may be easily separated from the rest of the secondary wall (Fig. 23 & 26) . Carpenter and Leney (1952) and Brazier and Franklin (1961) misunderstood the reticulate thickenings in some species of Juglans as gash-like or reticulate vessel pits, and Stark (1953) reported these gash-like intervessel pits in J. nigra, J. major, and J. microcarpa. The IAWA Committee (1989) cautioned that helical thickenings, one type of wall sculpturing, should not be confused with coalescent pit apertures in vessel elements. Later, based on scanning electron microscopy, Miller (1976a, b) proved these gash-like structures to be thickenings, thus termed reticulate thickenings due to their net-like structure, and identified their presence in the inner wall of some of the smaller latewood vessel elements of J. californica, J. major, J. microcarpa, and J. nigra. Helical thickenings have been known to occur more frequently in the woody species of subtropical and temperate distribution than in those species of tropical distribution by Van der Graaff and Baas (1974) and Carlquist (1975) . Unlike both the S and Z helices in the present study, they were reported to make an S-helix and only occasionally wound in a Z-direction (Butterfield et al. 2000) . The strength of their attachment to the secondary wall layer was known to vary considerably both between and within species by Meylan and Butterfield (1978) . Helical thickenings were considered to be an integral part of the secondary wall by Wergin and Casperson (1961) but to be very loosely attached to the inside layer of the normal secondary wall in conifer tracheids by Wardrop (1964) . Miller (1976a) reported that reticulate thickenings were partly pulled loose from the underlying vessel walls and merged with the vessel wall to form a vessel wall almost twice its original thickness.
These helical thickenings with a reticulate appearance were not treated as a general feature by Carlquist (1988) and the reticulate thickenings named by Miller (1976a, b) were not accepted as a separate descriptor for hardwood identification by the IAWA Committee (1989). In the IAWA list of microscopic features for hardwood identification (1989), on the other hand, the helical thickenings were adopted as an independent feature with three categories based on their location, i.e. those present throughout the body of the vessel element, only in vessel element tails, and only in narrower vessel elements. Butterfield et al. (2000) classified helical thickenings into three schemes based on branching, dominant winding angle, and prominence of the thickenings, and noted that the pitch of the helical thickenings varied little with cell diameter and marked differences in the helical winding angle between adjacent cells did occur occasionally but bore little relationship to the cell diameter.
From a wood identification aspect, light to prominent wall sculpturing occurs regularly in black walnuts (J. major, J. microcarpa (= J. rupestris), J. nigra, and J. californica) in both light and scanning electron microscopy but fine and indistinctive wall sculpturing is rarely observed in butternut (J. cinerea) only under scanning electron microscopy. Thus, this wall sculpturing is of some diagnostic value at the light microscopic level as suggested by others. Miller (1976b) noted that the north temperate black walnuts (J. californica, J. major, J. microcarpa, and J. nigra) could be separated from tropical black walnuts (J. australis, J. boliviana, J. jamaicensis, J. neotropica, J. olanchana, and J. venesuelensii) , English walnut (J. regia), and butternuts (J. ailantifolia, J. cathayensis, J. cinerea, and J. mandshurica) due to the occurrence of reticulate thickenings only in the north temperate black walnuts. Hoadley (1990) also noted that reticulate thickenings occurred sporadically in the latewood vessels of black walnut (J. nigra) and thus could provide a positive means of separating black walnut from butternut (J. cinerea) and English walnut (J. regia) without this feature.
